NOTES AND COMMENTS
LINKAGE DISEQUILIBRIUM GENERATED BY SELECTION AGAINST NULL ALLELES AT DUPLICATE LOCI Baker and co-workers (Roberts and Baker 1973; Baker 1975; Baker and Kaeding 1981) have described a highly interesting case of linkage disequilibrium among active and null alleles at four alpha-esterase loci in Drosophila montana. The four tightly linked loci (less than 1% crossing over) apparently arose from two duplications (Roberts and Baker 1973) . The ancestral locus was duplicated and the two resulting loci diverged in function. A second tandem duplication event produced the present four loci linked in the order 1-3-2-4 with pairs 1-2 and 3-4 being functionally equivalent.
Baker et al. have found strong linkage disequilibrium between loci 1 and 2 and between 3 and 4. Considering each of these pairs of loci by themselves, there is a far greater number of chromosomes having only one active allele than having either two active or two null alleles. This pattern of disequilibrium is apparently stable in both time and space. Recently Baker has argued persuasively that these relationships are maintained by natural selection (Baker and Kaeding 1981) .
These results have been interpreted to show that "there is an optimum number of active loci per chromosome" (Baker 1975, p. 4,098) so that the products of both functional pairs of loci are beneficial but "too much enzyme is detrimental" (Roberts and Baker 1973, p. 722) . Such a finding would, as suggested, be "of some theoretical importance relative to the neutrality hypothesis for electrophoretic variants" (Baker 1975, p. 4,099) . Such "fine-tuning" of enzyme levels by natural selection would support the view that natural selection is of primary importance in determining the amount and pattern of allozymic variation in natural populations.
The observed linkage disequilibria are best explained by the action of natural selection. However, these results can also be explained by a different pattern of natural selection in which only individuals that are homozygous for null alleles at both loci within a functional pair are selected against.
Consider individually each functional pair of loci showing strong linkage disequilibrium. There are two alternative models of natural selection for active and null alleles at a duplicated locus to consider. In the model suggested by Baker one assumes the highest fitness for individuals having an intermediate amount of enzyme activity. I have previously considered the evolutionary dynamics for this model of selection (Allendorf 1979) . In the second model individuals lacking enzyme activity are selected against and all other phenotypes have equal fitness. This model has been considered by many authors (Li 1980 and references therein). Am. Nat. 1983. Vol. 121, pp. 588-592. ? by The University of Chicago. 0003-0147/83/2104-0015$02.00. All rights reserved. Consider.a random mating population with two loci, each with two alleles, an active allele (A,B) , and a null allele (a,b). Assume a recombination rate between loci of r = 0.005 and unidirectional mutation from the active to the null allele with frequency u = 0.0005. In a diploid population, there are five phenotypic classes with the following fitnesses: BB Bb bb AA 1-s 1-2 1 2 Aa 1 _ s 1 1 aa 1 1 0. Thus, s is a measure of the selection against phenotypes having too much enzyme activity. In the second model of selection, all phenotypes having at least one active allele are equally fit and therefore s = 0. .02, and 0. When s > 0, changes in gametic frequencies between generations can be predicted in the deterministic case using recursion equations (Karlin and McGregor 1971) . Changes in gametic frequencies were also modeled for all three values of s using a Monte Carlo simulation with a population size of N = 200 (Allendorf 1979) .
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In table I I show the results of 25 simulation repeats for each value of s, with initial frequencies of the active alleles at each locus of 1.0. A simulation ended when loss of duplicate gene expression occurred, i.e., when the frequency of the phenotypes having more than two active alleles was less than 1%. As expected, loss of duplicate gene expression occurred more rapidly with larger values of s. More importantly, however, all three modes of selection resulted in substantial amounts of linkage disequilibrium (also see fig. 1 ).
In fact, there was more linkage disequilibrium for the case in which all phenotypes with an active allele have equal fitness than for the case with weak selection (s = 0.02) against phenotypes having too much enzyme. This effect is not simply the result of the more rapid loss of duplicate gene expression when s = 0.02. There is no significant correlation between the number of generations until loss and the minumum value of D generated when s = 0. Rather, for the case in which s = 0, allele frequencies at the two loci drift along a ridge of equal fitnesses where the frequency of the phenotype lacking enzyme activity is equal to the mutation rate (Christiansen and Frydenberg 1977) . When s > 0, selection acts to eliminate "excess" copies of active alleles. The trajectory of allele frequencies with s > 0 is closer to the one-locus polymorphism boundary than is the ridge of equal maximum fitness when s = 0. Substantial linkage equilibrium can only be present when both loci are polymorphic.
The specific dynamics of these models will. be affected by the values of N, r, u, and s. However, the equilibrium for both models of selection is the eventual loss of duplicate gene expression. It is, therefore, difficult to explain the similar gametic frequencies in isolated populations with either model. Probably the strongest argument for s = 0 is the apparent persistence of the duplication. Even with weak selection against having too much enzyme activity, duplicated gene expression is expected to be lost rather rapidly (table 1) . The important point, however, is that selection for an intermediate amount of enzyme activity is not necessary to produce the linkage disequilibrium detected in the alpha-esterase system of D. montana.
